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Nitrited plant tissues experience hypoxia because of mitochondrial O2 consumption.
Controlling oxygen balance is a critical issue that involves in mammals hypoxia-inducible factor (HIF)
mediated transcriptional regulation, cytochrome oxidase (COX) subunit adjustment and nitric oxide (NO) as a
mediator in vasodilatation and oxygen homeostasis. In plants, NO, mainly derived from nitrite, is also an
important signalling molecule. We describe here a mechanism by which mitochondrial respiration is
adjusted to prevent a tissue to reach anoxia. During pea seed germination, the internal atmosphere was
strongly hypoxic due to very active mitochondrial respiration. There was no sign of fermentation, suggesting
a down-regulation of O2 consumption near anoxia. Mitochondria were found to ﬁnely regulate their
surrounding O2 level through a nitrite-dependent NO production, which was ascertained using electron
paramagnetic resonance (EPR) spin trapping of NO within membranes. At low O2, nitrite is reduced into NO,
likely at complex III, and in turn reversibly inhibits COX, provoking a rise to a higher steady state level of
oxygen. Since NO can be re-oxidized into nitrite chemically or by COX, a nitrite–NO pool is maintained,
preventing mitochondrial anoxia. Such an evolutionarily conserved mechanism should have an important
role for oxygen homeostasis in tissues undergoing hypoxia.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionIn many animal [1] and plant [2] tissues with high metabolic
activity, low oxygen tension reigns because the consumption of
oxygen by mitochondria exceeds atmospheric diffusion. Therefore,
maintaining basal oxygen tension is a key issue in preventing anoxia.
Although bioenergetic efﬁciency of mitochondria increases at low
oxygen levels [3], the importance of optimizing respiration under
hypoxic conditions is illustrated by the central role of the hypoxia-
inducible factor 1 (HIF-1), which appears as a master regulator of
oxygen homeostasis by controlling the expression of hundreds of
genes in metazoans [4]. In mammals, HIF-1 mediates O2-dependent
control of cytochrome oxidase (COX) subunit composition [5] and
decreases the tricarboxylic acid cycle ﬂux by inactivation of the
pyruvate dehydrogenase complex [6,7]. Increasing the oxygen supply
in mammalian tissues is also achieved via nitric oxide (NO) control
of blood ﬂow [8] and PGC-1α (peroxisome-proliferator-activatedtetramethylimidazoline-1-oxyl
agnetic resonance; NO, nitric
9045 Angers cedex 01, France.
ll rights reserved.receptor - γ coactivator 1α) transcriptional activation of angiogenesis
[9]. As a potent and reversible inhibitor of cytochrome oxidase (COX)
[10], NO has emerged as amajor regulator of bioenergetics and oxygen
homeostasis in animals [11–14]. However, direct evidence of real-time
control of mitochondrial respiration by NO under hypoxic conditions
is lacking. In animals, NO is synthesized from L-arginine by nitric oxide
synthases (NOS), including a mitochondrial isoform [15], the occur-
rence of which is still widely debated [16]. NO can also be formed by
xanthine oxidase-catalyzed reduction of nitrite under hypoxic condi-
tions [17,18] which participates in the protective effects of NO. In
plants, although the existence of a mammalian type of NOS remains
controversial [19,20], NO appears to be a key signalling molecule in a
broad array of pathophysiological and developmental events [21]. The
common metabolite nitrite (NO2−) is an alternative potential source of
NO since it can be reduced to NO by a side-reaction of the cytosolic
plant nitrate reductase [22,23], but also by animal [24,25] or plant
[26,27] mitochondria in the absence of oxygen. Nitrite and NO were
recently shown to modulate oxygen balance and energy metabolism
in developing seeds, suggesting the existence of a regulatory
mechanism adjusting respiratory rate to prevent anoxia [28]. We
describe here a highly hypoxic but physiological relevant state
occurring in germinating pea seeds, and demonstrate that isolated
mitochondria operating under hypoxic conditions are able to regulate
their surrounding oxygen concentration through nitrite-dependent
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prevent anoxia.
2. Materials and methods
2.1. Seed and mitochondria bioenergetics
O2 concentration inside pea (Pisum sativum L., var Baccara) seeds
was measured using oxygen-sensitive microsensors (30 μm tips,
Presens, Neuburg, Germany) attached to a micromanipulator. A 3 mm
deep hole was drilled into dry seeds with a 22G syringe needle, prior
to insertion of the needle containing the microsensor. A patch of
grease was applied on the seed surface around the needle to prevent
gas leakage. The seed with the inserted probe was placed into a Petri
dish ﬁlled with water as to immerse a few mm of the seed, allowing
imbibition to proceed while maintaining most of the seed surface in
contact with air. For measuring respiration of whole seeds and
metabolites assays, dry seeds were imbibed on pleated ﬁlter paper at
20 °C [29]. Samples of 10 seeds were placed in a 50 ml glass vessel
sealed with a rubber plug, allowing insertion of the needle with the
oxygen microsensor. Atmospheric O2 consumption was measured for
30 min. For adenylate energy charge (AEC), seed material was
extracted and analyzed for adenine nucleotides as described earlier
[30]. Seed mitochondria were isolated as described before [29]. For
bovine (Bos taurus L.) liver mitochondria isolation, 200 g tissue was
homogenized in 0.3 M mannitol, 30 mM Na4P2O7, pH 7.5, 1 mM EDTA,
3 mM β-mercaptoethanol, and 0.5 % (w/v) bovine serum albumin
(BSA). After ﬁltration (50 μmnylonmesh), the extract was subjected to
two rounds of differential centrifugation (500 g, 10 min; 7000 g,
20 min), using a washing buffer (0.3 M mannitol, 20 mM KH2PO4, pH
7.2, 1 mM EDTA, 0.2 % (w/v) BSA) for pellet suspension. Protein
concentration was determined with a modiﬁed Lowry assay (RC DC
Protein assay, Biorad, Hercules, Ca, USA). Oxygen consumption of
mitochondria was monitored with an OXYTHERM oxygen electrode
system (Hansatech, King's Lynn, UK) at 25 °C for pea seed
mitochondria and 30 °C for bovine liver mitochondria. In the open
oxygen electrode approach, the system was operated with a 1 ml
reaction volume at maximum stirring speed (900 rpm), with the
reaction chamber left open. The medium contained either 0.6 M (seed
mitochondria) or 0.3M (bovine liver mitochondria) mannitol, 20 mM
MOPS (pH 7.5), 10 mM KH2PO4, 10 mM KCl, 5 mMMgCl2, and 0.1 % (w/
v) BSA. Nitric oxide was added by injection of solutions prepared from
NO-saturated water (NO gas from Messer-Griesheim, Berlin, Ger-
many). CPTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl 3 oxide) (Sigma Aldrich, St Louis, Mo, USA) was used as a NO
scavenger.
2.2. NO spin trapping and electronic paramagnetic resonance (EPR)
studies
The detection of NO production was performed using the
technique with Fe2+ diethyldithiocarbamate (DETC, Sigma Aldrich)
as spin trap [31]. The Fe-DETC spin trap was prepared by mixing
equal volumes of freshly prepared solutions of FeSO4 (1.5 mM in
H2O) and DETC (1.5 mM in 40 mM HEPES (N-(2-Hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid)), pH 7.4) deoxygenated by
nitrogen bubbling. The colloidal Fe-DETC (75 μM) spin trap was
added to mitochondria oxidizing succinate and uncoupled with FCCP
and operating at low oxygen. NO accumulation by the spin trap was
monitored by removing samples that were ﬂash frozen and subjected
to EPR analysis to detect the highly speciﬁc NO-Fe-(DETC)2 signals. NO
measurements were performed on a table-top x-band spectrometer
Miniscope (Magnettech, MS200, Germany). Recordings were made at
77 K, using a Dewar ﬂask. Instrument settings were 10 mW of
microwave power, 1 mT of amplitude modulation, 100 kHz of
modulation frequency, 150 s of Sweep time and 5 scans. Signals werequantiﬁed bymeasuring the total amplitude, after the correction of the
baseline.
2.3. Mathematical analysis of the relationship between steady state
oxygen levels and mitochondrial oxygen consumption rate
In experimental conditions with functioning mitochondria where
[O2] in the electrode is constant (steady state), the rate of O2
consumption by organelles (vmito) is equal to the rate of O2 diffusion
into the electrode (vO2in). According to Fick's law of diffusion, the
number of O2 molecules crossing a surface per unit time is
proportional to the difference of concentration in O2 on both side of
the surface. In awell-stirred system such as the O2 electrode used here
one can assume that the O2 concentration is homogeneous in the
electrode and in the air above the surface of the reaction media (open
electrode). Thus the ﬂux of O2 entering the electrode is deﬁned by the
following equation:
vO2in =Dappd O2½ air− O2½ electrode
  ð1Þ
where Dapp is the apparent coefﬁcient of diffusion of O2 for the device
under the conditions of the experiment. Dapp can be calculated using
re-oxygenation traces. As shown in the Results section (Fig. 2B), after
the addition of the inhibitor cocktail, [O2] in the electrode increases in
an exponential manner and results only from O2 diffusing in the
reaction medium. The instantaneous change in [O2] is deﬁned by the
following differential equation:
d O2½ electrode
dt
=Dappd O2½ air− O2½ electrode
  ð2Þ
At t=0, when inhibitors are added, [O2] in the electrode is zero and the
solution of Eq.(2) is deﬁned by Eq. (3).
O2½ electrode = O2½ aird 1−e−Dapp
:t  ð3Þ
At t inﬁnite, [O2]electrode=[O2]air= [O2]max· Dapp and [O2]max can be
obtained by curve ﬁtting of the experimental data points of the
re-oxygenation curve, using Eq.(3). Best-ﬁt parameters were
[O2]max=240±0.01 nmol ml−1 and Dapp=0.177±5 10−5 min−1.
These parameters applied speciﬁcally to the experimental conditions,
and in particular to the oxygen electrode system used in this work
(OXYTHERM, Hansatech, King's Lynn, UK), with a volume of 1 ml, a
stirring speed of 900 rpm and a temperature of 25 °C. It would be
necessary to determine experimentally the parameters for other
systems or conditions.
2.3.1. Calculation of respiration rates
Whenmitochondria are active and [O2] is constant in the electrode
the rate of O2 consumption by mitochondria (vmito) is equal to the rate
of O2 diffusion in the reaction media (vO2in) deﬁned by Eq.(1). Thus,
vO2in = vmito =Dappd O2½ max− O2½ electrode
 
: ð4Þ
Using the values for [O2]max (240nmolml−1), andDapp (0.177min−1) vmito
can thus be calculated in a straightforward manner.
3. Results
3.1. Physiological hypoxia in germinating pea seeds
An oxygen-sensitive ﬂuorometric sensor tip was inserted within a
dry pea seed (depth of 3 mm) to monitor internal O2 level during seed
imbibition, which lasts around 6 h, and germination sensu stricto,
which terminates by radicle protrusion (usually after 30 h). Internal O2
level sharply dropped between 2 and 6 h to reach a very low value (0–
2 μM)whichwasmaintained thereafter (Fig.1A). This low level did not
prevent whole seed respiratory rate from increase (Fig. 1B), indicating
Fig. 2. Oxygraphic analysis of mitochondrial functioning at low oxygen concentration.
Mitochondrial O2 consumption was monitored at 25 °C using the open electrode
approach. Arrows indicate the addition of compounds (mol or ﬁnal concentration) or
mitochondria. (A) Self-adjustment of O2 steady state level bymitochondria as a function
of O2 consumption rate. Mitochondria (5 μl=250 μg protein) supplied with succinate
(25 mM) as a substrate and uncoupled by FCCP decreased oxygen level until a value
around 90 μM, reaching equilibrium between O2 consumption and atmospheric O2
diffusion into the medium. Further additions of mitochondria decreased the steady
state oxygen level, and ﬁnal addition of cyanide provoked the re-oxygenation of the
medium. (B) Kinetics of re-oxygenation of the medium following inhibition of electron
transfer. Mitochondria (1.5 mg prot) supplied with succinate (25mM) as a substrate and
uncoupled by FCCP rapidly decreased O2 level to the baseline. The addition of a cocktail
of inhibitors (KCN 0.5 mM+antimycin A 10 μM+n-propylgallate 0.1 mM) instantly
blocked mitochondrial O2 consumption, triggering the spontaneous re-oxygenation of
the medium (C) Oxidative phosphorylation at low oxygen concentration and reversible
inhibition by nitric oxide. Mitochondria (1.5 mg protein) were supplied with succinate
(25mM), and an initial addition of 1 μmol ADP to stimulate a high rate of respiration and
reach the low O2 region appearing on the graph. The experiment demonstrates
oxidative phosphorylation under self-hypoxic conditions, the reversible inhibitory
effect of NO and scavenging by CPTIO.
Fig. 1. Energy metabolism and oxygen status of germinating pea seeds. Internal O2,
whole seed respiration rate and adenylate energy charge were monitored during pea
seed germination. (A) O2 concentration was measured with a microsensor at a depth of
3 mm into a single dry seed allowed to imbibe water. (B) Whole seed respiration
measured in a closed vessel. (C) Adenylate energy charge. Each point corresponds to a
measure from a sample of 5 pooled seeds.
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increase of adenylate energy charge (AEC) during imbibition conﬁrms
that energy metabolism is largely sustained by aerobic respiration and
not by fermentation in imbibed seeds (Fig. 1C). Moreover, hyperoxic
conditions (63% O2) did not stimulate germination rate, nor repressed
the activities of several fermentative enzymes: alcohol dehydrogen-
ase, pyruvate decarboxylase, and lactate dehydrogenase (data not
shown). Collectively, these results indicate that the combination of a
high respiration rate with limited oxygen diffusion generates a
hypoxic state within the germinating seed tissues which is physiolo-
gically well managed since fermentative metabolism is not engaged.
3.2. Mitochondrial steady state functioning in hypoxic conditions
An experimental systemwas sought out tomonitor the functioning
of isolated mitochondria in hypoxic conditions reminiscent of those
occurring in vivo. A classical oxygen electrode system, generally used
in a closed conﬁguration, was utilized as an open system in which the
O2 concentration in the reaction medium results from the equilibrium
between O2 oxygen diffusion and mitochondrial O2 consumption. Atypical experiment is shown in Fig. 2A. Mitochondria oxidizing
succinate and uncoupled with FCCP (carbonyl cyanide p-triﬂuoro-
methoxyphenyl-hydrazone) progressively lowered O2 concentration
at around 90 μM, a level where mitochondrial O2 consumption was
compensated by atmospheric O2 diffusion. When additional amounts
of mitochondria were introduced, increased respiratory rates logically
led to lower steady state levels of O2, the bottom line being reached
with 1 mg mitochondrial proteins (Fig. 2A). Final addition of cyanide
prompted an immediate and sharp rise of O2 concentration due to
Fig. 3. Functioning of isolated mitochondria for long periods of time under self-hypoxic
conditions. Oxygen consumption of pea seed mitochondria was monitored at 25 °C
using the open electrode approach. Mitochondria (2.0 mg protein) were supplied with
succinate (50 mM) as a substrate, with an initial addition of 1 μmol ADP to stimulate a
high rate of respiration and reach the low oxygen region. Mitochondria were allowed to
alternate between state IV and state III respiration by successive additions of ADP, and
ﬁnally mitochondria were uncoupled with 1 μM FCCP. Under such a regime,
mitochondria were capable of sustained respiration and oxidative phosphorylation in
hypoxic conditions for more than 4 h, with only a slight decrease of the oxygen
consumption rate under such a long period of activity.
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electron transfer inhibition (Fig. 2A). We took advantage of this sharp
effect to monitor the kinetics of re-oxygenation and determine the
relationship between mitochondrial O2 consumption rate and steady
state O2 concentration. Mitochondria supplied with succinate as a
substrate and uncoupled by FCCP rapidly decreased O2 level to the
baseline. The addition of a cocktail of inhibitors (KCN+antimycin A+n-Fig. 4. Nitrite-dependent NO inhibition of mitochondrial respiration in hypoxic conditions. E
electrode approach. Arrows indicate the addition of compounds (mol or ﬁnal concentration).
2 μMFCCPwere allowed to reach the O2 level region appearing on the graph. Nitrite provoked
CPTIO added before nitrite, which has then a minor effect. (C) Mitochondria (1.5 mg prot) we
high rate of respiration and reach the low O2 region appearing on the graph. Successive add
steady state levels of O2 without compromising oxidative phosphorylation. (D) Mitochondria
the low O2 region appearing on the graph, and then uncoupled with FCCP. Nitrite induced d
restoring a rapid rate of respiration.propylgallate) instantly blocked mitochondrial O2 consumption,
triggering the spontaneous re-oxygenation of the medium (Fig. 2B).
The combination of inhibitors guaranteed a total inhibition of electron
transfer, including a possible derivation through the plant alternative
oxidase, although the latter activity is not detectable in pea seed
mitochondria oxidizing succinate (data not shown).
The mathematical analysis (Materials and methods) yielded a
simple equation relating oxygen consumption rate by mitochondria
and oxygen level in the electrode chamber (vmito=0.177 (240
− [O2]electrode)). To test this model, oxygen consumption rates by the
same amounts of mitochondria as used in Fig. 2A were measured in
the closed oxygen electrode system, using succinate as a substrate and
uncoupling by FCCP. The oxygen consumption rate for 5 μl of
mitochondria (0.25 mg protein) in the closed system was 31 nmol
O2 min−1, a value approaching the calculated value of 27.4 nmol
O2 min−1 based on a steady state level estimated at 85 nmol ml−1 O2.
Doubling the amount ofmitochondria increased the respiratory rate to
41.0 nmol O2min−1 in the closed system, a value almost identical to the
calculated value (40.7 nmol O2 min−1) derived from the steady state
level of oxygen (10 nmol ml−1) in the open system.
These data support the principle of the open oxygen electrode
system and validate the mathematical analysis. The respiratory rate of
mitochondria in the open electrode system can thus be extrapolated
from the steady state oxygen level, exceptwhenO2 approaches the zero,
when mitochondrial respiration reaches or exceeds the maximum re-
oxygenation rate, with a theoretical value of 42.5 nmol O2. min−1.
A great advantage of this system is the possibility to study
mitochondrial respiration and its regulation in hypoxic conditions
generated by the organelles themselves (self-hypoxia) as illustrated in
Fig. 2C. Mitochondria oxidizing succinate and supplied with ADP to
stimulate respiration (state 3) rapidly lowered the O2 concentrationffect of nitrite on mitochondria functioning in self-hypoxia was analyzed with the open
(A) Mitochondria (1.5 mg protein) supplied with succinate (25 mM) and uncoupled with
an inhibition ofmitochondrial respiration reversed by CPTIO. (B) Same experiment with
re supplied with succinate (25 mM) and an initial addition of 1 μmol ADP to stimulate a
itions of ADP triggered state 4 and state 3 respiration transitions. Nitrite increased the
(1.4 mg prot) were supplied with succinate (25 mM), and an initial 1 μmol ADP to reach
ose-dependent decreases in respiration with concomitant increases of O2 level, CPTIO
Fig. 6. Nitrite-dependent NO control of oxygen level by bovine liver mitochondria.
Oxygen consumption of bovine liver mitochondria was monitored at 25 °C using the
open electrode approach. Mitochondria (2.2 mg prot) supplied with succinate (25 mM)
and uncoupled with 2 μM FCCP were allowed to reach the baseline oxygen level. In
steady state hypoxia, the addition of NO provoked a transient inhibition of oxygen
consumption, while nitrite provoked a NO-mediated decrease of respiration, leading to
a higher steady state level of oxygen, the effect being reversed by the NO scavenger
CPTIO.
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respiration decreased (state 4), and the O2 level increased to a higher
steady state level at around 10–15 μM (Fig. 2C). Sequential additions of
ADP triggered immediate drops in O2 concentration to the baseline,
resulting from the higher rate of respiration (state 3). In separate
experiments (data not shown), the duration of the state 3 transitionwas
strictly proportional to the amount of ADP [state 3 duration (min)
=7.082⁎ADP (μmol); r2=0.995] and highly reproducible (standard
deviation b4 %), illustrating the robustness of the approach. Uncoupling
with FCCP logically led the O2 level to drop and remain at the baseline
(Fig. 2C). Addition of 20 nmol of nitric oxide (NO) as NO-saturatedwater
provoked a sharp rise followed by an almost symmetric drop in O2
concentration, providing a perfect illustration of the reversible and
oxygen-dependent inhibitory effect of NO on mitochondrial respiration
(Fig. 2C). Respiration did not recover completely, as indicated by a
slightly higher basal level of O2 (around 4 μM) likely due to remaining
traces of NO, as conﬁrmed by the addition of theNO scavenger CPTIO (2-
(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3 oxide),
which restored the initial rate of respiration (Fig. 2C). A subsequent
addition of NO had a negligible effect because of the presence of CPTIO
(Fig. 2C). This study shows that the open electrode system is ideal for
monitoring mitochondrial operation under hypoxia in conditions
reminiscent of the situation in vivo, and the approach appears well
tailored to study NO effects. Furthermore, it allows continuous
monitoring of mitochondrial function for extended periods of time.
Isolated pea seed mitochondria were indeed able to continuously
oxidize succinate formore than4hat lowoxygencontentwithout losing
their oxidative phosphorylation capacity (Fig. 3).
3.3. Nitrite–NO self-control of mitochondrial respiration under hypoxia
The effect of nitrite was examined with uncoupled mitochondria
maintaining a steady state level of oxygen close to anoxia (Fig. 4A).
Addition of 10mMnitrite induced a rapid increase in O2 concentration
to a new steady state level at about 20 μM. The corresponding
decrease of mitochondrial respirationwas likely attributed to a nitrite-
dependent NO production since subsequent addition of CPTIO
restored a high rate of respiration, as deduced from the O2 level that
rapidly returned to a value only slightly higher than before nitrite
addition (Fig. 4A). When CPTIO was added ﬁrst, the ability of nitrite to
increase oxygen level was greatly reduced (Fig. 4B). Nitrite induced
exactly the same NO-dependent control with mitochondria oxidizing
exogenous NADH (data not shown). Since this substrate is directly
oxidized by an external NADH dehydrogenase in plant mitochondriaFig. 5. Nitrite-dependent control of oxygen steady state level by mitochondria
functioning in self-hypoxia. Data were taken from the experiment in Fig. 4D in which
uncoupled mitochondria oxidizing succinate were driven to the baseline of O2
concentration. Additions of nitrite increased O2 to new steady state levels which
were plotted here as a function of the nitrite concentration. The regression line
correspond to a hyperbolic function (R=0.999), omitting data with oxygen level at zero.
The graph illustrates the link between nitrite, mitochondrial respiration rate and
oxygen balance.[32], the site of nitrite reduction is therefore located downstream of
ubiquinone, likely at complex III, in agreement with previous
observations with mammalian mitochondria [24]. The effect of nitrite
was then studied on phosphorylating mitochondria in conditions of
steady state hypoxia. Addition of nitrite during state 3 provoked dose-
dependent increases in O2 level which did not change the steady state
level in state 4 (Fig. 4C). This is in agreement with the ﬁnding that NO
is much less inhibiting on state 4 than on state 3 respiration [33]. A
dose–response assay of nitrite effect with uncoupled mitochondria
revealed that 100 μMwas enough to trigger a reduction in respiration
rate having a signiﬁcant effect on oxygen concentration (Fig. 4D).
Increasing nitrite concentration led to a stepwise elevation of O2 level,
which was suppressed by CPTIO (Fig. 4D). Plotting oxygen level as a
function of nitrite concentration clearly illustrates a close relation-
ship between nitrite, mitochondrial respiration and oxygen balance
(Fig. 5). At low O2 and in presence of nitrite, mitochondrial respiration
is thus reduced to maintain a higher basal level of oxygen, thus
preventing anoxia without compromising ATP synthesis. Noticeably,
nitrite addition never induces a transient increase in O2 level (like the
bolus NO in Fig. 2C) but rather an increase to a new steady state level
(Fig. 4A, C, D). This suggests that nitrite addition triggers a sustained
production of NO, whose concentration also reaches steady state
levels, allowing mitochondrial respiration to slow down but maintain
a constant rate. The occurrence of a mitochondrial nitrite–NO cycling
system would provide an explanation for the maintenance of steady
state levels of NO. This would also explainwhy, after recovering from a
burst of exogenous NO inhibition, mitochondria maintained an O2
level slightly higher than before NO addition (Fig. 2C). The high
amount of NO could have generated a nitrite pool sufﬁcient to allow
the nitrite–NO cycle to settle.
Such a mechanism of nitrite-dependent control of mitochondrial
oxygen consumption under hypoxia, which likely implies the
ubiquitous complexes III and IV, should therefore operate with
mitochondria from other organisms. Using mitochondria isolated
from bovine liver, nitrite was indeed found to induce the same effects
on oxygen homeostasis as found with pea seed mitochondria (Fig. 6).
3.4. EPR detection of mitochondrial nitrite-dependent NO production
As a whole, the above results strongly favour the existence of
nitrite–NO control of mitochondrial respiration under hypoxic
conditions. It was nevertheless essential to directly demonstrate the
involvement of NO. We made several unsuccessful attempts to detect
the production of NO in the system using a NO electrode or NO-
Fig. 7.NO detection using EPR-spin trapping. Production of NO bymitochondria functioning in self-hypoxiawas detected using the lipophilic Fe-DETC spin trap. Mitochondria (1.5mg
protein) supplied with succinate (25 mM) and uncoupled with 2 μM FCCP were allowed to reach the baseline O2 level before addition (time zero) of the Fe-DETC (75 μM). (A)
Representative EPR second derivative spectra obtained under control conditions for 0 min (a) or for 10 min (b) or for 10 min in presence of 5 mM nitrite (c). EPR settings were as
described in theMaterials andmethods section. The third component of the NO-Fe-(DETC)2 EPR signal which is notmasked by the signal from Cu2+-DETC is indicated by an arrow. (B)
Evolution of NO signal amplitude after addition of the spin trap. Round dots, control; triangle, 5 mMnitrite. Values are the average of 1–3 samples. (C) Effect of nitrite on the NO signal
amplitude measured after 10 min of incubation of functioning mitochondria with the spin trap. Values are the average of 1–3 samples.
1273A. Benamar et al. / Biochimica et Biophysica Acta 1777 (2008) 1268–1275sensitive ﬂuorochromes (data not shown). The lack of detection could
be due to insufﬁcient production of NO, but also to the proximity of
the sites where NO is produced and metabolized within the
mitochondrial membrane, which would limit the diffusion of the
short-lived molecule. To explicitly identify NO in the system, we took
advantage of electron paramagnetic resonance (EPR) spin trapping
technique, which is an unambiguous method to detect biological NO
[31]. The lipophilic Fe-diethyldithiocarbamate spin trap (Fe-DETC)Fig. 8.NO spin trap competes with nitrite effect by scavenging NOwithin mitochondrial
membrane. Mitochondrial O2 consumption was monitored using the open electrode
approach. Mitochondria (1.5 mg protein) supplied with succinate (25 mM) and
uncoupled with 2 μMFCCPwere allowed to reach the baseline O2 level. Nitrite provoked
a NO-mediated decrease of respiration, leading to a higher steady state level of O2.
Addition of 15 μM of the lipophilic Fe-DETC spin trap provoked a rapid decrease of
oxygen level, attributed to the scavenging of the NO produced within the inner
membrane. Supplemental additions of the spin trap (ﬁnal concentrations indicated)
show minor effects, indicating saturation within the membrane. Finally, NO mitochon-
drial production was totally scavenged by CPTIO, restoring a high rate of respiration.added to uncoupled mitochondria oxidizing succinate did not inhibit
mitochondrial functioning under self-hypoxic conditions (data not
shown), allowing to monitor NO accumulation in the system. At time
zero, after adding the spin trap to mitochondria oxidizing succinate, a
NO signal was detected (spectrum a, Fig. 7A). However, a signal with
the same amplitude is obtained with the medium lacking mitochon-
dria (data not shown), revealing a low level of exogenous NO, which is
common in most synthetic media (result not shown). After 10 min of
functioning in hypoxic conditions, oxygen levels remained at the
baseline, while the EPR signal increased, revealing a basal production
of NO bymitochondria operating at the frontier of anoxia (spectrum b,
Fig. 7A). When nitrite (5 mM) was added immediately after the spin
trap, a much greater NO EPR signal was recorded after 10 min
incubation (spectrum c, Fig. 7A). Since nitrite itself does not contribute
to the signal (data not shown), this is an unequivocal demonstration of
nitrite-stimulated production of NO by mitochondria functioning in
self-hypoxia. Assessments of the EPR signal amplitude, which is an
absolute measure of the amount of spin-trapped NO [31], indicates
that most of the NO-Fe-(DETC)2 accumulates during the ﬁrst 10 min of
incubation, and conﬁrms the stimulation of NO production by nitrite
(Fig. 7B, C). Indeed, the amplitude of NO-Fe-(DETC)2 was greater in the
presence of nitrite compared to basal condition. Besides, this NO
productionwas maximal at 5 mMnitrite and higher concentration did
not induced further increase (Fig. 7C). Interestingly, the physiological
responses of mitochondria to nitrite (i.e. slower and lower increase in
O2 level) were found less marked in presence of the spin trap (data not
shown), which could be due to a competition between the spin trap
and COX for binding NO produced within mitochondrial membranes.
Indeed, when the Fe-DETC spin trap was added to uncoupled
mitochondria oxidizing succinate at an elevated O2 level because of
the presence of 10 mMnitrite, there was an immediate drop in oxygen
1274 A. Benamar et al. / Biochimica et Biophysica Acta 1777 (2008) 1268–1275level (Fig. 8), conﬁrming that the lipophilic spin trap actually
scavenges NO within the membrane, very much like CPTIO. Supple-
mental additions of Fe-DETC only slightly decreased further O2 levels,
suggesting saturation of the spin trap accumulation in the membrane
(Fig. 8). Accordingly, the ﬁnal addition of CPTIO totally scavenged the
production of NO, restoring maximum mitochondrial respiration
(Fig. 8). This experiment provides additional proof thatNO is produced
and recycled within the mitochondrial inner membrane, likely at very
close sites.
4. Discussion
Physiological hypoxia can be deﬁned as a natural state in which
mitochondrial O2 consumption in a cell or a tissue approaches O2
supply by diffusion from the atmosphere or from a circulating
bloodstream, which leads to the maintenance of a low level of oxygen.
Such steady state hypoxia can also result from a stress or pathological
situation altering the O2 source or supply. Examination of oxygen
balance and respiratory metabolism in germinating pea seeds
revealed that a highly hypoxic state was maintained without
compromising mitochondrial respiration, suggesting a regulation of
mitochondria function to prevent the occurrence of anoxia. We
investigated if, and how, mitochondria could control their surround-
ing O2 level, focusing on NO and nitrite which intervene in the
balancing of seed internal O2 [28].
Mitochondrial function is typically monitored using an oxygen
electrode in a closed conﬁguration, in which the organelles rapidly
exhaust O2. Meticulous data on respiration kinetics at steady state
oxygen level can be acquired with sophisticated high-resolution
respirometry systems combined with substrate-controlled injection
[34]. Although these experimental approaches have provided invalu-
able data crucial for the understanding of mitochondrial function, they
do not faithfully reﬂect conditions in vivo. In the open oxygen
electrode approach described here, mitochondria can function for
long periods of time at a self-maintained steady state level of O2, in a
situation reminiscent of a tissue experiencing self-hypoxia. To our
knowledge, there have been almost no studies exploiting the potential
of an open oxygen electrode system,with the exception of recent work
on isolated rat mitochondria, where the electrode chamber was
opened to follow the effects of inhibitors at lowO2 level [35]. However,
the system was limited by substrate availability and not responsive
enough since considerable lag time (minutes) preceded the effect of
inhibitors like cyanide [35]. The open oxygen electrode approach
described here is simple and robust, and offers promising perspectivesFig. 9.Model of nitrite-dependent NO regulation of respiration in hypoxic situation. The
scheme illustrates the operation of the nitrite–NO cycle involved in the regulation of
mitochondrial oxygen consumption under hypoxia. At low oxygen, complex III (CIII)
preferentially reduces nitrite into NO that diffuses within the membrane to bind Cu into
the active site of COX. NO inhibits (double bar) the reduction of oxygen, which will lead
to an increase in O2 level. NO can be recycled into nitrite either at COX active site, or
chemically within the membrane.to study respiration and its regulation at low oxygen content in
various biological systems.
Although it is known that animal and plant mitochondria can
reduce nitrite into NO under strict anoxic conditions [24–27,36], this
could not be interpreted with respect to mitochondrial or cellular
functions. We have uncovered a mechanism based on a nitrite–NO
cycling that allows mitochondria to escape anoxia, while maintaining
their capacity for oxidative phosphorylation (Fig. 6). Brieﬂy, at low O2
content, nitrite is reduced into NO by the electron transfer chain, likely
at the external Q site of complex III [24,25]. COX has also been
proposed as the site of nitrite reduction in yeast and rat mitochondria
[36], but such activity is expected to be rather low under physiological
conditions [37]. NO produced at complex III rapidly diffuses towards
COX and binds to the active site, provoking the inhibition of O2
consumption (Fig. 9). Several lines of evidence indicate that nitrite is
recycled to NO within mitochondrial membranes: (i) the steady state
level of oxygen/respiratory rate after nitrite injection strongly
suggests NO is maintained at a constant concentration (ii) the fact
that respiration did not resume its original rate after injection of a high
amount of NO, explained by the build up of a nitrite pool (iii) the effect
of the lipophilic spin trap which was able to scavenge NO produced
within themembrane. The conversion of nitrite into NO by COX [38] or
by chemical oxidation within the membranous environment [39] can
indeed proceed at a high rate and support the proposed recycling
(Fig. 9). Recently, COX was shown to ﬁnely regulate endogenous
cellular NO produced by NOS at moderate O2 levels, likely by
conversion to nitrite, and the inactivation of this mechanism at low
O2 was suggested to increase NO level and mediate hypoxic vaso-
dilatation [40]. Importantly, the mechanism described here should
operate with mitochondria from most organisms because it implies
highly conserved mitochondrial components. Indeed, nitrite induced
exactly the same effects on oxygen homeostasis with mitochondria
isolated frombovine liver. Biological effects of NO andnitrite could also
be mediated through nitrosylation of cysteine thiols and transition
metals [41]. However, in the present study, the immediate responses
triggered by nitrite and NO, together with their readily reversible
character, do not favour a chemical modiﬁcation of proteins but rather
suggest a metabolic control through COX inhibition by NO.
Collectively, we showhere thatmitochondria exert a ﬁne control of
oxygen balance by the NO–nitrite cycle. In principle, mitochondrial
NOS could use arginine for the same purpose, but the reaction requires
O2 and is unlikely to operate at the frontier of anoxia. Protection
against self-anoxia via NO could then rely on nitrite which can be
found at micromolar concentrations in plants [42] and mammals
[43,44]. Although higher concentration of nitrite is needed under the
experimental conditions used here, namely high rates of O2
consumption and diffusion, the system allows us to get insight in
the ﬁne regulation of nitrite/NO regulation of respiration. It should be
stressed that in vivo, the maintenance of tissue O2 at a small but
minimum level would combine efﬁcient production of ATP without
falling into anoxia, and that could be achieved with fairly low levels of
nitrite. One outstanding question is whether such a metabolic control
of oxygen homeostasis operates in vivo. This is supported by the
evidence that developing legume seeds balance their O2 level and
hence their energy efﬁciency through nitrite-dependent NO produc-
tion [28]. In mammals, nitrite is now recognized as a major player in
NO physiology, and demonstrates protective effects in pathological
hypoxic situations [44–47]. We suggest that the mitochondrial nitrite/
NO self-control of oxygen balance contributes to the biological effects
of nitrite as a primary and instant defence line that precedes the build
up of specialized mechanisms, such as post-translational and
transcriptional gene regulation, designed to speciﬁcally cope with
adaptation to hypoxia. Moreover, these ﬁndings hold true for both
plant and animal mitochondria, suggesting an ancient origin of this
mechanism. Since primitive eukaryotic cells evolved 1.8 billion years
ago in aworld where O2 level was at most a few percent of the present
1275A. Benamar et al. / Biochimica et Biophysica Acta 1777 (2008) 1268–1275value [48], such a mechanism may have been of crucial importance to
prevent primitive cells from exhausting their precious oxygen
resource.
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